Eukaryotic cell proliferation and phenotype are highly regulated by contact-dependent mechanisms. We have previously shown that the binding and interaction of the opportunistic fungal pathogen Pneumocystis carinii to lung epithelial cells and extracellular matrix proteins induces mRNA expression of both the mitogen-activated protein (MAP) kinase P. carinii Ste20 (PcSte20) and the cell wall-remodeling enzyme PcCbk1 (16). Herein, we report that in addition to PcSte20 mRNA expression being upregulated, Pneumocystis PcSte20 kinase activity is increased upon interacting with these same lung targets. This activity is also significantly suppressed by Clostridium difficile toxin B, a pan-specific inhibitor of small GTPases, demonstrating the potential role of a Cdc42-like molecule in this signaling cascade. We further observed that the PcSte20 kinase physically interacts with a specific region of the P. carinii cell wall biosynthesis kinase, PcCbk1, a downstream kinase important for mating projection formation and cell wall remodeling. This direct binding was mapped to a specific region of the PcCbk1 protein. We also demonstrated that PcSte20 obtained from whole P. carinii lysates has the ability to phosphorylate PcCbk1 after the organism interacts with lung epithelial cells and extracellular matrix components. These observations provide new insights into P. carinii signaling induced by interactions of this important opportunistic fungal pathogen with lung epithelial cells and matrix.
Pneumocystis species are opportunistic fungi capable of causing severe pneumonia in immunocompromised hosts. Pneumocystis jirovecii represents the species infecting humans, and Pneumocystis carinii is the organism that infects rats (27, 28) . Recent advances in understanding the regulation of Pneumocystis cell cycle mechanisms have been developed by investigations of P. carinii (11, 14, 26) . Fortunately, with the advent of the P. carinii genome project (24) and the development of heterologous expression of P. carinii genes in Schizosaccharomyces pombe and Saccharomyces cerevisiae, systematic studies have recently begun to elucidate the signal transduction pathways that control the cell cycle progression and proliferation of this organism (11, 13, 14) . For example, accumulating evidence indicates that P. carinii utilizes a pheromone-induced mitogenactivated protein kinase (MAPK) mating pathway and also possesses a putative pheromone receptor known as P. carinii Ste3 (PcSte3) (25, 31, 32) .
In vitro studies indicate that proliferation of P. carinii is strongly promoted by the binding of P. carinii trophic forms to epithelial cells (21) . Thus, fungal proliferation appears to be contact promoted, as P. carinii organisms cultured in the presence of, but not in contact with, lung epithelial cells demonstrate no growth in short-term cultures (21) . In addition, we have demonstrated that P. carinii expresses a MAPK p21-activated kinase-like Ste20 homolog termed PcSte20, whose expression is also induced by contact with lung epithelial cells and mammalian extracellular matrix proteins (11) . Heterologous expression studies indicate that PcSte20 can function to support S. cerevisiae Ste20-deficient strains in pheromone-mediated mating and proliferation (11) .
Previous observations in other fungi similarly demonstrate that certain organisms can sense contact with their environments and induce phenotypic responses in a process termed thigmotropism, which is defined as "the ability to sense and respond to changes in surface contours" (5) . Indeed, in the rust fungus Uromyces appendiculatus, an infectious structure known as a germ tube forms upon contact with a specific ridge height on the surface of a susceptible plant leaf (34) . Furthermore, in the medically important yeast Candida albicans, thigmotrophic responses are observed as the hyphal form of the organism encounters scratches in plastic substrates or holes in porous membranes, leading investigators to speculate that C. albicans may use this sensing ability to penetrate weak areas between host epithelial cells (8, 23, 33) . Contact-responsive signaling events have been further characterized in C. albicans (16) . Specifically, it has been observed that C. albicans application to a semisolid agar base leads to activation of the cell integrity MAP kinase Mkc1, signaling invasive growth and biofilm development (16) .
Accordingly, the present investigations were undertaken to further explore our initial observations that physical contact of P. carinii with lung epithelial cells and lung extracellular matrix proteins induces the expression of PcSte20 MAP kinase. Herein, we demonstrate that organism interactions with these substrates also stimulate PcSte20 kinase activity levels. In ad-dition, activated PcSte20 kinase has the ability to phosphorylate the downstream cell wall-remodeling enzyme PcCbk1, thus activating this enzyme. We also provide evidence that PcSte20 directly associates with PcCbk1 both in vitro and in vivo. These studies further support the ideas that the binding of P. carinii to host lung cells and matrix stimulates the PcSte20 MAP kinase signaling pathway, which is important for mating and proliferation, and that it further activates the PcCbk1 cell wall kinase utilized in the organism cell wall remodeling necessary for cell division and growth.
MATERIALS AND METHODS
Strains and materials. In these studies, P. carinii refers to P. carinii organisms originally derived from American Type Culture Collection stocks and propagated in corticosteroid-treated rats as reported previously (9, 12) . Whole populations of P. carinii organisms containing both trophic and cyst forms were purified from chronically infected rat lungs by homogenization and filtration through 10-m filters (6) . The various S. cerevisiae strains used in this study are detailed in Table 1 .
Media and growth conditions. For testing the P. carinii transcriptional response and kinase activity at specified time points and under specific conditions, total P. carinii organisms (1 ϫ 10 7 ) were resuspended in Ham's F-12 medium containing 10% fetal calf serum and applied to extracellular-matrix-coated plastic or control tissue culture insert substrates (30-mm; Becton, Dickenson, Inc., Bedford, MA) for a period of 2 to 4 h at 37°C with 5% CO 2 . Prior studies have previously shown that P. carinii binds to lung extracellular matrix proteins such as fibronectin and vitronectin (14, 20, 22) . The P. carinii organisms were allowed to interact with the test substrates for the times noted below and were not removed by washing. At the end of a given time, all the organisms on the test substrates were lysed and nucleic acids were recovered and analyzed. We noted excellent viability over 0 to 4 h under these culture conditions, as assessed by total P. carinii RNA integrity. However, at longer time points (Ͼ4 h), viability was reduced and variable. Hence, we elected to focus our experiments on these earlier time points. All experiments reported were repeated in triplicate on a minimum of at least three separate occasions. For selection of transformants and maintenance of plasmids in yeast cells, complete synthetic medium (QBiogene, Inc., Montreal, Canada) was used with the appropriate dropout components. For analyzing the expression of Cbk1⌬ yeast cells expressing PcCbk1 (either full-length or partial-length cDNA constructs), cultures were incubated overnight in the presence of 2% galactose. All yeast cultures were performed at 30°C.
Generation of antibody to PcCbk1 and PcSte20 protein kinases. Bethyl Laboratories in Montgomery, TX, generated the polyclonal antibodies used in these studies in rabbit hosts. To analyze P. carinii extracts for immunoblotting, proteinprotein interactions, and kinase activity assays, affinity-purified IgG and horseradish peroxidase (HRP)-conjugated antibodies were generated against the predicted amino acid sequence of the respective P. carinii proteins. For PcCbk1, a 20-residue peptide (MQKVSGSKKTTAFQQRKSD) corresponding to amino acids 1 to 20 of the mature protein was chosen. For PcSte20 assays, a 20-peptide residue (PGIGSGTKKSYFISLKSDND) corresponding to amino acids 118 to 137 was selected. Both peptides were chosen for their high specificity and favorable antigenic profile as determined by computer analysis using MacVector 8.1.1 (Accelrys Inc.). Further, since both proteins contain motifs that would classify them as serine/threonine kinases, care was taken to avoid the putative catalytic domains during antibody production. Finally, in the case of PcSte20, the cdc42/ Rac-interactive binding (CRIB) domain was avoided to allow for potential Cdc42 protein binding (15) . All polyclonal antibodies generated by Bethyl Laboratories showed appropriately sized specific reactive bands with P. carinii lysates.
Interactions of PcSte20 with PcCbk1. In vitro transcription and translation of PcSte20 and PcCbk1 cDNA were accomplished as follows. Full-length cDNA constructs of the PcSte20 and PcCbk1 cDNAs were generated via PCR and subcloned into pYES2.1 TOPO (Invitrogen, Inc., Carlsbad, CA), which was followed by the transformation of yeast-creating strains YPH500-PcSte20/V5 and YPH500-PcCbk1/V5. The pYES2.1 TOPO/PcCbk1/V5 cDNA construct had the stop codon removed to allow for nickel affinity chromatographic purification using the six-histidinyl (6ϫHis) tag.
To determine which portions of PcCbk1 interact with PcSte20, the following PCR primers were used to generate three separate regions of the PcCbk1 protein of roughly equal sizes. PCR primers 5Ј-ATGCAAAAAGTATCAGGTTCAGG C-3Ј and 5Ј-CGCTAATTGATCTTTTTTAAACATTTCC-3Ј were used to amplify and create pYES2.1/PcCbk1-507/V5. PCR primers 5Ј-CACGTTAAAGCA GAAAGGGATGTAT-3Ј and 5Ј-AATATAATCAGGTGTACCAACAGTG-3Ј were used to generate the centrally located PcCbk1 portion termed pYES2.1/ PcCbk508-1014/V5. Finally, PCR primers 5Ј-GCCCCAGAAATTTTTACACA GCAT-3Ј and antisense primer 5Ј-TAAAATTCCTTTCTGGTCAT-3Ј were designed to create pYES2.1/PcCbk1015-1524/V5. The pYES2.1 TOPO vector contains the T7 promoter upstream of the cloning site to permit transcription and translation. As a negative PcSte20 binding control, recombinant luciferase T7-generated protein was included in the binding assays. All in vitro transcription-translation reactions (TNT reactions) were performed in 50.0-l volumes using 1.0 g of the uncut plasmid along with the T7 coupled reticulocyte lysate system (Promega Inc., Madison, WI) in the presence of 40.0 l of [ Following the in vitro transcription and translation reactions, the partial PcCbk1 protein fragments or negative-control luciferase protein was mixed with full-length PcSte20 and allowed to incubate at 37°C for 1.0 h. The binding reaction mixtures were then immunoprecipitated with V5-tagged protein ASepharose (Sigma) or PcSte20 antiserum, washed five times with 500 l of kinase lysis buffer (KLB) (250 mM NaCl, 50 mM Tris-HCl, pH 7.4, 0.1% Triton X-100, 5 mM EDTA) containing protease inhibitors (Complete EDTA-free tablets; Roche Applied Science), resuspended in Laemmli buffer, and visualized by 15% SDS-PAGE with subsequent autoradiography.
Interactions of PcSte20 with PcCbk1 in vivo. To determine whether native PcSte20 interacts and binds with PcCbk1 within Pneumocystis organisms, total P. carinii lysates (1.0 mg) were obtained and precleared with protein A-Sepharose for 45.0 min at 4°C under duplicate conditions. One set of lysates was equally divided and treated with either immune or nonimmune PcCbk1 antiserum to immunoprecipitate the respective protein. Protein A-Sepharose was added to capture bound antibody-protein complexes, which were then separated on a 7.5% SDS-PAGE gel. The proteins were transferred to nitrocellulose membranes and Western blotted with either PcCbk1 or PcSte20 antibody to verify the presence and specificity of the respective proteins within the precipitated complexes.
The second sample set of lysates was further immunoprecipitated with the specific PcSte20 antiserum potentially containing bound PcCbk1 protein. After immunoprecipitation, protein A-Sepharose was added to capture antibody-protein complexes and separated on a parallel 7.5% SDS-PAGE gel. Following transfer to nitrocellulose, this blot was divided and Western analyses were conducted with the respective PcCbk1 or PcSte20 immune or nonimmune sera.
Role of GTPase in PcSte20 mRNA expression following interactions with lung extracellular matrix proteins. To next evaluate the potential roles that GTPases may play in the activation of PcSte20 mRNA expression, Clostridium difficile toxin B (5.0 ng/ml; Sigma) was coincubated with total P. carinii organisms during contact with extracellular matrix proteins under conditions known to induce the expression of PcSte20. Briefly, P. carinii organisms were incubated for 2.0 h on either uncoated plastic or bovine serum albumin (BSA)-, collagen I-, fibronectin-, or vitronectin-coated plates for 2 or 4 h (11). Following contact, total RNA was isolated from the organisms and subjected to Northern blotting using a specific PcSte20 probe (11). Determination of PcSte20 kinase activity following interaction of Pneumocystis organisms with extracellular matrix proteins and lung epithelial cells. To next assess whether P. carinii organism interactions with extracellular matrixes or lung cells not only increases respective PcSte20 mRNA but also increases total PcSte20 kinase activity, freshly isolated P. carinii organisms were allowed to interact with the various test substrates over 3.0 h in the presence or absence of C. difficile toxin B (5 ng/ml). After interactions with either lung matrix proteins or lung cells, the P. carinii organisms were lysed in Y-PER reagent (Pierce, Rockford, IL) in the presence of protease inhibitors. Protein lysates (1.0 mg) were next precleared with protein A-Sepharose for 30.0 min at 4°C. The synthetic peptide antibody recognizing PcSte20 was then added and incubated with the protein lysate overnight. The following day, protein A-Sepharose was added to capture PcSte20 antibody-PcSte20 protein complexes. These complexes were washed four times with 500 l KLB (40 mM Tris, pH 8.0, 250 mM NaCl, 0.1% Nonidet P-40, 5 mM EDTA, 5 mM EGTA, 10 mM ␤-glycerophosphate, 10 mM NaF, 0.3 mM Na 3 VO 4 , 1 mM dithiothreitol [DTT] , and protease inhibitors), followed by one wash with PcSte20 kinase buffer (10 mM Tris-HCl, pH 7.4, 10 mM MgCl 2 ). The subsequent kinase reactions were performed in PcSte20 kinase buffer with 20 M ATP in the presence of 3.0 g myelin basic protein (MBP) as a suitable PcSte20 kinase test substrate at 30°C for 30.0 min. After 30 min, 2ϫ Laemmli buffer was added, and the samples were boiled and loaded onto a 15% SDS-PAGE gel to determine the phosphorylation status of the substrate protein.
Expression of PcCbk1 in yeast and determination of in vitro kinase activity. Expression of a PcCbk1-6ϫHis-tagged C-terminal protein (YPH500-PcCbk1/ V5) was induced in early-logarithmic-phase YPH500 yeast cells, containing the plasmid pYES2.1 TOPO/PcCbk1/V5/6ϫHis tag, by incubation in the presence of 2% galactose for 18.0 h at 30°C. The yeast cells were lysed by a combination of treatment with Y-PER reagent and French pressure. The expressed fusion protein was next purified using the Y-PER 6ϫHis fusion protein purification system (Pierce Chemical Co., Rockford, IL). The recombinant protein was assayed for kinase activity in Cbk1 kinase buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , 1 mM MnCl 2 ) containing 10 Ci [␥- 32 P]ATP (6,000 Ci/mmol) and 20 M ATP. After the designated times (30 to 60 min) at 30°C, the assay was terminated by the addition of 2ϫ Laemmli buffer. Phosphorylated products were then resolved on a 15% SDS-PAGE gel and visualized by autoradiography.
PcSte20 phosphorylation activates kinase activity of the downstream PcCbk1 protein. To further determine whether the upstream PcSte20 kinase could phosphorylate PcCbk1 protein, total P. carinii lysates (1 mg each) were obtained in Y-PER reagent with protease inhibitors and precleared with protein A-Sepharose for 30 min, and the total PcSte20 protein was recovered by the addition of PcSte20 antibody for 1 h at 4°C. Following the addition of protein A-Sepharose to recover the PcSte20 protein-antibody complexes, the kinase complexes were washed three times with Cbk1 kinase buffer and PcCbk1 protein (3.0 g native or heat-inactivated protein to abrogate any endogenous kinase activity) was added to the Cbk1 kinase buffer containing the PcSte20-antibody complexes and incubated for an additional 30 min at 30°C. Finally, to recover phosphorylated PcCbk1 proteins, affinity-purified antibody recognizing PcCbk1 was added to each tube and PcCbk1-antibody complexes were recovered and separated on a 12% SDS-PAGE gel and subjected to autoradiography.
To finally determine whether interactions of P. carinii organisms to human lung cells or extracellular matrix proteins could activate PcSte20, resulting in the subsequent downstream phosphorylation of recombinant PcCbk1 protein, total P. carinii organisms were allowed to interact with human lung cells or extracellular matrix proteins as described above for 3.0 h at 37°C in the presence of 5% CO 2 . Kinase assays using recombinant PcCbk1 protein were performed as described above.
RESULTS
The expression of PcSte20 mRNA is enhanced upon interaction with mammalian extracellular matrix components and is independent of Rho family GTPase activity. We have previously demonstrated that specific transcripts, particularly PcSte20 mRNA levels, are induced by P. carinii interacting with lung epithelial cells and host cell extracellular matrix proteins (9) . We next sought to address the time course of the induction of PcSte20 mRNA expression over the first hours of contact with these host substrates. In addition, we have recently observed that P. carinii contains an upstream PcCdc42 GTPase that is capable of promoting PcSte20 activity (15) . Thus, we further investigated whether upstream P. carinii GTPases might alter PcSte20 expression. To address these issues, we evaluated the expression of PcSte20 mRNA over the first 2 to 4 h of contact with host substrates in the presence or absence of Clostridium difficile toxin B (CDTB), an established inhibitor of the Rho GTPases, including Cdc42, the binding partner of the active Ste20 family of kinases (1, 15) . Interestingly, we observed that PcSte20 mRNA expression was greatest at 2 h and decreased to the baseline levels of the 2-h control surfaces (plastic and BSA) when the experiment was extended to 4 h (Fig. 1) . Additionally, when we cocultured P. carinii over these times in the presence of CDTB, no discernible differences in PcSte20 mRNA levels were noted (Fig. 1 ). These observations indicate that PcSte20 is a host cell contact-responsive gene whose expression is regulated over time and whose expression is unaffected at the transcription level by inhibitors of the PcSte20 protein kinase partner PcCdc42.
Total PcSte20 kinase activity is enhanced following interactions of Pneumocystis with lung cells and extracellular matrix proteins in the presence of functional Rho family GTPase activity. Having determined that PcSte20 mRNA expression is enhanced by P. carinii interactions with lung epithelial cells and extracellular matrix proteins, we next determined whether total PcSte20 activity was also enhanced following interactions of P. carinii organisms with these host substrates and whether this activity requires the activity of Rho family GTPases such as PcCdc42. Indeed, total PcSte20 kinase activity increased dramatically in P. carinii following interaction of the organisms with lung extracellular matrix components as well as lung epithelial cells (Fig. 2) . In contrast, the ability of PcSte20 to phosphorylate the test MBP substrate following organism contact was less with plastic alone or BSA-coated control surfaces than with the lung matrix proteins or lung epithelial cells (Fig. 2A) .
FIG. 1. Lung extracellular matrix proteins induce
We further performed parallel determinations of PcSte20 activity in the presence of CDTB, a potent pan-specific inhibitor of Rho family GTPases, including the PcCdc42 binding partner of PcSte20 (15) . Consistently, we observed a significant reduction in the induced PcSte20 kinase activity in the presence of CDTB. Furthermore, we demonstrated that the kinase activity assays were specific for P. carinii organisms, as kinase activity was not observed following immunoprecipitation with the PcSte20 antibody lung epithelial cell lysates in the absence of organisms (Fig. 2B) . Taken together, these findings indicate that total PcSte20 kinase activity is induced upon interactions of P. carinii with extracellular matrix and host lung cells and that Rho family GTPases are required for this stimulation of total PcSte20 activity.
In addition, we further sought to exclude the possibility that kinase proteins in Pneumocystis other than PcSte20 might have been responsible for the observed phosphorylation of the MBP substrate in these experiments. To address this, we performed experiments in which the protein extracts were precleared by immunoprecipitation with the specific anti-PcSte20 antibody, prior to the kinase reactions, and assessed whether residual kinase activity remained within the Pneumocystis extracts (Fig.  2C) . Indeed, preclearing of the Pneumocystis extracts with the anti-PcSte20 antibody eliminated the subsequent phosphorylation of MBP, verifying the specificity of the observations that the adherence of Pneumocystis to extracellular matrix proteins induces the expression of PcSte20 kinase activity.
The downstream PcCbk1 cell wall biosynthesis kinase specifically interacts with the upstream PcSte20 MAP kinase. Previous results have suggested that the Ste20 family of kinases may function upstream of the Cbk1 cell wall-remodeling kinases. For example, the gene for the S. pombe Cbk1 homolog, Orb6, has been shown to interact genetically with Pak1/Shk1, a molecule homologous to PcSte20 (29) . It was further shown by Geyer et al. that S. cerevisiae homologues of Ste20 and Cbk1 kinases can potentially interact (7) . These experiments demonstrated that a physical interaction occurs between yeast Ste20 and Cbk1, further suggesting that Cbk1 is needed for the pheromone response and that this interaction may support Ste20 activation of the downstream Ste11 transcription factor (7) . Based on these studies, we next determined whether a physical interaction could occur between PcSte20 and PcCbk1. After recombinant expression of purification of both the PcCbk1 and PcSte20 proteins, these two kinases were combined, mixed, and incubated at 37°C for 1 h. As a negative control, PcSte20 was incubated with luciferase protein. All bound complexes were then precipitated with either V5 agarose or the respective immune serum (Fig. 3) . This approach demonstrated that PcCbk1 was bound and coprecipitated with PcSte20 (Fig. 3, lane 5) . However, Ste20 did not bind or precipitate the control luciferase protein (Fig. 3, lane 8) . We observed that, at times, the PcSte20 protein runs as a doublet.
FIG. 2. The interaction of
Pneumocystis with lung extracellular matrix protein or epithelial cells enhances total PcSte20 kinase activity. Total P. carinii organisms were allowed to interact with extracellular matrix components (A), A549 lung cells (B), or control substrates over 3.0 h, and total P. carinii protein lysates were obtained and assayed for PcSte20 kinase activity against the test substrate MBP. (A) Plastic, P. carinii on an uncoated plastic control insert; BSA, P. carinii on BSAcoated plastic; Col-I, P. carinii on collagen I; Fn, P. carinii on fibronectin; Vn, P. carinii on vitronectin. (B) Lanes 1 and 2, A549 cells alone; lanes 3 and 4, P. carinii maintained in Transwell inserts over (but not in contact with) A549 cells; lanes 5 and 6, P. carinii in direct contact with A549 cells. The presence (ϩ) or absence (Ϫ) of the Rho GTPase inhibitor Clostridium toxin B (5.0 ng/ml) is noted. P. carinii cultured on lung extracellular matrix proteins or lung epithelial cells induced increased total PcSte20 kinase activity, which was not observed in the presence of test substrates and which was abrogated by the presence of Clostridium toxin B. (C) To exclude the possibility that Pneumocystis kinases other than PcSte20 might be responsible for the observed phosphorylation, organisms were lysed after they interacted with the substrates, and one set of samples was precleared by immunoprecipitation with anti-PcSte20 to remove PcSte20 from the mixture before the kinase reactions. Subsequently, all samples were then reimmunoprecipitated (IP'ed) with the anti-PcSte20 serum antibody and the kinase reactions performed. Indeed, we did not observe any residual kinase activity after preclearing the extracts with anti-PcSte20, indicating that the observed phosphorylation activity was due specifically to PcSte20 kinase and not other contaminating kinases. This is likely due to minor proteolytic cleavage of the mature peptide. These data support the possibility of a direct interaction between PcSte20 and PcCbk1. We further analyzed the interaction of these two proteins with the specific goal of mapping which region of PcCbk1 binds to PcSte20. To accomplish this, we created three partial PcCbk1 constructs covering regions approximately one-third the length of the mature protein. These partial protein constructs were expressed and permitted to bind to PcSte20 (Fig. 4) . Using this approach, we determined that the region from amino acids 1 to 507 of PcCbk1 readily binds and coprecipitates with full-length recombinant PcSte20 protein (Fig. 4, lane  7) . In contrast, the other two recombinantly expressed partial protein fragments of PcCbk1 did not specifically interact with PcSte20.
Of note, we observed slight differences between the migration and banding patterns of the two gels shown in Fig. 3 and 4. Slight variations in the relative migrations of the proteins over various experimental runs was likely due to minor proteolytic cleavage that occurred even in the presence of protease inhibitors. In addition, differing gel separation porosities were required. Figure 3 required a 10% SDS-PAGE gel optimal visualization of the expressed full-length proteins, while Fig. 4 required a 15% SDS-PAGE gel to resolve the smaller fragments related to the truncated forms of the PcCbk1 protein.
We further sought to determine whether interactions of the PcSte20 and PCbk1 kinases could occur in vivo in freshly isolated P. carinii organisms derived from the rat model of P. carinii pneumonia. To achieve this, total P. carinii organisms were harvested from heavily infected rats. The organisms were purified and extracted and submitted to immunoprecipitation reactions with antibodies recognizing either PcSte20 or PcCbk1. After immunoprecipitation, the proteins were separated by SDS-PAGE and transferred to nitrocellulose and Western blotting was performed with the respective antibodies. As anticipated, when either the PcCbk1 or the PcSte20 antibodies were used to immunoprecipitate their respective proteins followed by Western blotting with the HRP-conjugated forms of these two antibodies, a specific band of the appropriate size was detected (Fig. 5) . Furthermore, using the PcSte20 antibody for immunoprecipitation followed by Western blotting of the precipitated products with both of the antibodies resulted in detection of both the PcCbk1 and PcSte20 proteins. Western blotting with the preimmune serum from these rabbits revealed no specific cross-reactivity. Lastly, both PcCbk1 and PcSte20 antibodies, which were tested against equivalent amounts of uninfected host rat protein lysate, yielded no specific immunoprecipitated protein products (data not shown). FIG. 4 . A specific region of PcCbk1 binds to the upstream PcSte20 kinase. To further determine the site of PcCbk1's interaction with PcSte20, 35 S-labeled full-length recombinant V5 epitope-tagged PcSte20 and PcCbk1 and three recombinant fragments of PcCbk1 were generated by in vitro transcription-translation reactions, purified, and allowed to interact in solution. The solutions were immunoprecipitated as described in the text, and the results of autoradiography of the precipitated products are shown. Full-length PcCbk1 was immunoprecipitated with monoclonal anti-V5 agarose (lane 1). Full-length PcSte20 immunoprecipitated with PcSte20 antibody revealed a doublet of the appropriate molecular mass (lane 2). The PcCbk1-1-507 fragment was generated and precipitated with anti-V5 agarose (lane 3). The PcCbk1-508-1014 fragment was generated and precipitated with anti-V5 agarose (lane 4). The PcCbk1-1015-1524 fragment was generated and precipitated with anti-V5 agarose (lane 5). Recombinant full-length PcCbk1 and PcSte20 were incubated together and immunoprecipitated with anti-PcSte20 antibody, demonstrating coimmunoprecipitation of the two kinases (lane 6). PcCbk1-1-507 (filled arrowheads) and PcSte20 (open arrowheads) were coincubated and immunoprecipitated with antibody to PcSte20, revealing the specific association of this fragment of the molecule (lane 7). In contrast, neither PcCbk1-508-1014 nor PcCbk1-1015-1524 associated with PcSte20 following immunoprecipitation with PcSte20 antibody (lanes 8 and 9).
FIG. 5. Native PcSte20 associates with PcCbk1 derived from Pneumocystis whole-organism extracts. (A) Separate aliquots of P. carinii extracts were immunoprecipitated with either preimmune serum or antibodies to either PcCbk1 or PcSte20 and then were subjected to Western blotting with the respective HRP-conjugated antibody. (B) P. carinii extracts were immunoprecipitated with PcSte20 antibody, followed by Western blotting with PcCbk1 or PcSte20 antiserum, demonstrating that the native proteins PcSte20 (molecular mass, ϳ79 kDa) and PcCbk1 (molecular mass, ϳ59 kDa) bind to each other in vivo.
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on October 23, 2017 by guest http://iai.asm.org/ These studies strongly support the idea that the PcSte20 MAP kinase interacts with the PcCbk1 cell wall biosynthesis kinase in intact Pneumocystis organisms. Native PcSte20 kinase can phosphorylate the Pneumocystis cell wall biosynthesis kinase PcCbk1. After determining that a direct physical interaction occurs between the PcSte20 and PcCbk1 kinases, we next investigated whether native PcSte20 derived from freshly isolated P. carinii organisms could phosphorylate the downstream kinase PcCbk1. To the best of our knowledge, this event has not been previously demonstrated in either the human or the yeast homologues of these two proteins. To detect this phosphorylation event, we had to first heat-inactivate the PcCbk1 protein to render it kinase inactive, thereby eliminating any autophosphorylation activity of this protein. Previous attempts at using the purified mutated form of the PcCbk1 kinase where the serine-303 and threonine-494 potential phosphorylation sites were mutated still did not prevent autophosphorylation of the kinase, suggesting that other regulatory sites may be present, and thus, we were prevented from using the native form of PcCbk1 as a substrate (13) . Using heat-inactivated PcCbk1 as the substrate, we observed that native PcSte20 kinase possesses the ability to phosphorylate PcCbk1 (Fig. 6, lane 5) . These findings strongly suggested that the upstream PcSte20 MAP kinase exerts a regulatory role in modulating the activity of the downstream PcCbk1 cell wall biosynthesis kinase.
The interactions of Pneumocystis organisms with epithelial cells and extracellular matrix proteins causes induction of PcSte20 activity with subsequent phosphorylation of PcCbk1. P. carinii organisms were allowed to interact with lung epithelial cells or lung matrix proteins for 3 h, followed by isolation of total PcSte20 protein by immunoprecipitation. These precipitated protein complexes were then used in a kinase activity assay employing the PcCbk1 protein as the substrate. These studies revealed that specific lung extracellular proteins or lung epithelial cells, and not nonspecific proteins such as BSA or inert plastic alone, dramatically increased PcSte20 activity, subsequently resulting in its ability to phosphorylate the downstream PcCbk1 cell wall biosynthesis kinase (Fig. 7) .
DISCUSSION
Ste20 molecules are central signaling MAP kinases in fungi with activities in the regulation of pheromone signaling, mating, and morphological transitions. Heterologous expression of Pneumocystis PcSte20 in mutant yeast lacking this functional kinase restores normal mating and morphology changes (11) . Such data suggest the existence of a parallel signaling pathway in the phylogenetically related pathogen P. carinii. The current investigations were designed to describe downstream interactions and signaling modifications attributable to PcSte20 in P. carinii. These studies have focused on PcCbk1, a protein whose expression, similar to PcSte20's, is induced by interactions with lung epithelial cells and extracellular matrix proteins. Cbk proteins have been shown to play important roles in the separation of cells, the formation of cellular projections, and cell wall remodeling (13) . Prior studies of S. cerevisiae have suggested a possible interaction between Ste20 and Cbk1 (7). Accordingly, we sought to establish whether interactions occur in P. carinii between PcSte20 and the downstream cell wall biosynthesis kinase PcCbk1.
The life cycle of Pneumocystis, for the most part, remains enshrouded in obscurity. Little is known about the pathways that guide the progression of Pneumocystis trophic forms into cysts. Of note, the transcriptional profile of PcSte20 is strongly induced after exposure to human alveolar epithelial cells, as well as to the prevalent lung extracellular matrix proteins fibronectin, vitronectin, and collagen. This specific and enhanced expression of PcSte20 and PcCbk1 that follows contact with these lung components suggests the presence of a carefully regulated signaling cascade activated after P. carinii comes into contact with fibronectin or vitronectin molecules located on the surfaces of alveolar epithelial cells. We further demonstrate that the total kinase activity of PcSte20 is strongly increased under the same conditions and that that activity, in part, requires the activity of a small Rho family GTPase, likely PcCdc42 (15) . Such a P. carinii PcCdc42 GTPase has recently FIG. 6 . Native PcSte20 kinase isolated from P. carinii can phosphorylate downstream PcCbk1. We next addressed whether native PcSte20 kinase could phosphorylate the downstream target PcCbk1, expressed as PcCbk1/V5/6ϫHis. All lanes shown contained PcCbk1/ V5/6ϫHis (3.0 g) in either the native or heat-inactivated form, and all kinase reactions were conducted at 30°C for 45.0 min as detailed in Materials and Methods. Lane 1 demonstrates the strong autophosphorylation activity of non-heat-inactivated native PcCbk1/V5/6ϫHis alone. Lane 2 contains heat-inactivated PcCbk1/V5/6ϫHis alone, showing abrogation of the autophosphorylation activity after heat inactivation. Lanes 3 and 4 represent kinase assays of freshly isolated P. carinii extracts immunoprecipitated with preimmune serum, demonstrating no phosphorylation of the heat-inactivated PcCbk1/V5/6ϫHis target substrate. In contrast, lanes 5 and 6 demonstrate the results of kinase assays of freshly isolated P. carinii extracts immunoprecipitated with PcSte20 immune serum in the presence of the heat-inactivated PcCbk1/V5/6ϫHis target substrate. These assays demonstrate that native PcSte20 kinase can phosphorylate the downstream PcCbk1 kinase (molecular mass, ϳ67 kDa in the presence of the V5/6ϫHis tag).
FIG. 7. The interactions of
Pneumocystis with lung epithelial cells and extracellular matrix proteins activate PcSte20 to phosphorylate downstream PcCbk1. P. carinii organisms were allowed to interact with the respective extracellular matrix proteins, A549 lung epithelial cells, or control substrates over 3.0 h at 37°C. The P. carinii organisms were isolated, proteins were extracted, and PcSte20 was isolated by immunoprecipitation. The recovered PcSte20 was assayed for kinase activity against the recombinantly produced and purified heat-inactivated PcCbk1/V5/6ϫHis substrate. The experiment demonstrates that P. carinii interactions with human lung epithelial cells or mammalian extracellular components can induce the phosphorylation of the downstream PcCbk1 cell wall biosynthesis kinase (molecular mass, ϳ7 kDa in the presence of the V5/6ϫHis tag).
been described in our laboratory and has been found to bind PcSte20 and to exert GTPase/GTP binding activity (15) . These findings indicate that the kinase activity of PcSte20 is modulated by at least two mechanisms; first, by the interactions of P. carinii with specific extracellular matrix proteins of alveolar epithelial cells, inducing expression, and second, by the presence of a coactivator PcCdc42 GTPase needed for the overall activity of the kinase (11, 15) . These findings indicate that Pneumocystis organisms exhibit a type of thigmotropism, in that they can sense and respond to environmental surfaces. In the case of Pneumocystis, these responses appear to be triggered by binding to lung extracellular matrix and lung epithelial cells.
In S. cerevisiae, Ste20 has been shown to bind and modulate a number of proteins, including transcription factors and downstream kinases, including other MAP kinase molecules (17) . Yeast Ste20 has been suggested by a yeast two-hybrid strategy to interact with Cbk1 (7). However, a direct interaction between Ste20 and Cbk1 has never been established in either S. cerevisiae or any other fungal species of which we are aware. To determine whether an interaction occurs in P. carinii between the MAP kinase PcSte20 and the putative downstream cell wall biosynthesis kinase PcCbk1, in vitro and in vivo coimmunoprecipitation experiments were undertaken. These data provide the first evidence of direct interactions between any fungal Ste20 and its respective Cbk1 signaling kinase and, specifically, interaction of PcSte20 and PcCbk1 within P. carinii. Our data further indicate that PcSte20 binds to the first 507 amino acids of PcCbk1. This is significant because the middle and last thirds of the protein contain a highly conserved serine/ threonine kinase catalytic domain. Thus, the interactions of PcSte20 with PcCbk1 in this region permit regulatory protein binding without disrupting the kinase active site of the molecule.
We further observed that interactions of PcSte20 with PcCbk1 result in the phosphorylation of the downstream PcCbk1 kinase. Again, this represents the first direct evidence of Ste20 phosphorylation of a Cbk1 molecule in any fungal species. Furthermore, the net ability of PcSte20 to phosphorylate PcCbk1 is directly induced by the organisms interacting with lung extracellular matrix proteins. When Pneumocystis is exposed to fibronectin, vitronectin, or collagen, the overall level of PcSte20 kinase activity is dramatically increased. These data further support the existence of a unique signaling pathway within P. carinii, providing the first insights into a complex signal transduction cascade initiated by organism interactions with the lung epithelium and associated matrix proteins.
Based on these observations, a model of contact-induced signaling in P. carinii is proposed. P. carinii trophic forms, which represent greater than 90% of the organism forms present in infected lungs, bind tightly to alveolar epithelial cells (18, 19, 27) . This binding is strongly facilitated by extracellular matrix proteins, particularly fibronectin and vitronectin (20, 22) . Recent studies in our laboratory indicate that Pneumocystis expresses an integrin-like molecule termed PcInt1, capable of interacting with fibronectin (10) . Interaction of Pneumocystis with these lung components specifically activates a signaling pathway within P. carinii (11) . Following P. carinii binding to lung components, the expression of PcSte20 and PcCbk1 are substantially enhanced. In addition, the total kinase activity of PcSte20 is substantially increased in a process that requires the activity of a Rho family member such as PcCdc42 (15). The PcSte20 kinase can then presumably phosphorylate a number of proteins necessary for cell wall remodeling, mating, and morphological changes. One such central downstream signaling kinase is found in the activation of PcCbk1. The phosphorylation of PcCbk1 should further regulate the activities of a number of critical enzymes, such as glucanases and chitinases, necessary for cell wall remodeling and, ultimately, organism proliferation (30) . The model is strongly supported by earlier studies from our group and others indicating that the interactions of Pneumocystis with lung cells promote proliferation of the organism (3, 4, 21) .
Recent studies also support the notion that Pneumocystis forms biofilms (2) . In many infecting organisms in vivo, biofilms may contain microorganisms and organism-derived proteins, as well as host proteins, including matrix proteins. As such, the interactions of Pneumocystis with host or microbial proteins within biofilms may also provide important signals to P. carinii present in biofilm states. Further studies using in vitro-and in vivo-derived biofilm proteins will be required to delineate these possibilities.
This model of contact-induced signaling in Pneumocystis provides a useful conceptual framework with which to direct future studies. Currently, investigations are under way to identify novel protein substrates for both the PcSte20 and PcCbk1 kinases. By identifying novel substrates, we hope to further elucidate downstream components of this signal transduction cascade pathway that may direct such essential P. carinii activities as meiosis, mating, cell wall remodeling, morphology changes, and organism proliferation. A number of candidate genes have recently been identified, and studies are in progress to understand the interactions that modulate the progression of the Pneumocystis life cycle. Further understanding these pathways in Pneumocystis should provide essential insights into the life cycle of this genetically intractable and medically important fungus, which is responsible for significant mortality in immunocompromised patients.
